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ABSTRACT 
Flow-Accelerated Corrosion (FAC) has 
become a source of failures in Low pressure 
units of HRSGs. Research in past 20 years 
has indicated that FAC is a very complex 
phenomenon. It is influenced by many 
variables, some among them are :   pressure, 
temperature, pH of the water, Chrome 
content of the metal, the dissolved oxygen 
content in water,  the velocity of steam and 
water etc. The matter of FAC was discussed 
in detail in  a joint publication by Electric 
Power research Institute (EPRI), Electricité 
de France (EDF) and  Siemens.  However 
the methodologies presented to understand 
the phenomena and to find the solution  are 
very complex. Considerable expertise is 
needed to arrive at a good solution. 
This paper combines the work done both 
empirically and experimentally and gives a 
simpler method to estimate the metal loss 
due  to FAC in an HRSG given the design 
and operating conditions.  The user should 
then be able to decide whether to proceed 
further with more complex and 
comprehensive investigations, install a 
monitoring system or make some changes in 
the design or the operating methodology.     
Since the most prevalent occurrence of FAC 
in an HRSG is in Low pressure (LP) 
evaporators,  the discussion and solutions 
are focussed on LP evaporators only. Page : 
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plan is also described to handle the FAC 
related issues in HRSGs. 
 
Introduction 
Flow Accelerated Corrosion (FAC) has been 
identified as one of the causes of metal loss 
and probable failure as early as 1970 in two 
phase flow systems.  The realization that 
FAC can also happen in single water phase 
flow system did not happen until early 80s.    
Previously FAC was thought to be a two 
step phenomena : formation of corrosion 
products by chemical action and removal of 
corrosion products by mechanical means or 
erosion.  Since both corrosion and erosion 
were involved it was  termed as Erosion-
Corrosion phenomena.  However further 
research, particularly after the explosion at 
Surry Nuclear plant, Gravel Neck, Virginia 
which happened in 1986 and which killed 
four contract workers, revealed that the 
phenomena is pure corrosion only.  There is  
no mechanical means or erosion involved 
and the metal loss  is accelerated by  the 
flow.  The basic mechanism involves 
formation of  corrosion products by 
chemical action and then these oxides are  
dissolved and removed by chemical action.  
So the phenomena is termed as Flow 
Accelerated Corrosion  or FAC in short. 
FAC occurs in all components through 
which water or water-steam mixture flows. 1 
Copyright © 2002 by ASME 
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dry steam piping.  
This paper concentrates on the prediction of 
FAC rate in HRSG low pressure evaporator 
systems only.  The main reason for this 
narrow focus is to make the formulation 
simple. Since FAC in an HRSG seldom 
occurs in components other than LP 
evaporators, the assumptions made do not 
lead to erroneous results.    There are 
numerous techniques and correlations 
available covering broad range of 
components.  But these are very complex 
and need a considerable amount of work to 
get applicable results.  In addition these 
models need complicated theoretical 
assumptions.  The following paragraphs 
present correlations which are based on 
normal  plant operating parameters.  Thus  
the method is more straight forward to apply 
and the results are comprehensible.  This 
kind of approximation will serve the purpose 
because the components though critical, 
have smaller impact on the performance.  
Once potential failure area is identified, it 
can be repaired at the next regular shutdown 
without much loss of availability.  A simpler 
data collection system and program 
validation technique are also described for 




FAC basically consists of formation of 
porous Magnetite (Fe3O4) and dissolution of  
the magnetite in the bulk solution and 
carried off by the moving fluid. The oxygen 
in the incoming water then refurbishes the 
magnetite layer.  This phenomena goes to  
some sort of equilibrium and continuous  
metal loss occurs until the part fails.   
Changes in the operation which change the 
influencing parameters may slowdown or 
stop the metal loss. 
Amount and extent of FAC is dependent on 
two types of factors: 
! Hydrodynamic and 
! Environmental 
Hydrodynamic Factors:  The following 
constitute the Hydrodynamic factors in order 
of influence: Page :
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! Pipe Geometry : Elbows, bends, 
reducers, valves etc. Any change in 
direction or velocity increases the FAC 
activity.  Elbows and bends are particularly 
vulnerable because of pressure differential 
between the inner and outer streams along 
the curved path due to centrifugal action. 
! Steam quality or void fraction for two 
phase flows : For two phase flow with high 
velocity, the steam quality is often lower 
than the void fraction.  This causes the 
liquid velocity to increase thereby 
increasing the rate of metal loss. For pure 
and dry steam there will not be any metal 
loss due to FAC. Single phase water flow 
can cause FAC damage but at a lower rate 
than that caused by two phase water and  
steam mixture flow. 
! Pipe roughness: The imperfections 
found in the commercial grade pipe or 
tubes increase the potential of FAC by 
decreasing the boundary layer. 
 
Environmental Factors:   
! Water Chemistry  
! pH:  pH of water has great influence on 
FAC.  This is considered for the Model 
development.  
 
! Dissolved Oxygen (DO) : Higher 
Dissolved Oxygen content in water helps in 
replacing  the dissolved magnetite layer and 
thus slows down the corrosion rate.   The 
reduction in FAC from 1 ppb DO to 200 
ppb DO is about 2 orders of magnitude.  
However more DO in water may cause 
pitting corrosion 
! Impurities in water:  
# Ferrous ion concentration: The iron 
concentration in water slows down the rate 
of metal loss by decreasing the corrosion 
potential. 
# Hydrogen : Hydrogen produces a 
Reducing atmosphere and increases the 
FAC. 
# Metallic Impurities : Metallic 
impurities do not affect the FAC to a great  2 
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# Presence of Copper and Nickel slows 
down the FAC by plating and strengthening 
the magnetite layer. 
 
! Oxygen Scavengers: Hydrazine is the 
most common oxygen scavenger, and is 
added to the Feedwater to increase the 
alkalinity. FAC is proportional to the 
amount of hydrazine in the water.  
Generally 20 ppb to 100 ppb hydrazine is 
present in the water.  FAC is not specific to 
any Oxygen Scavenger. 
! Temperature : Temperature of the water 
has considerable impact and it is one of the 
variables considered for the model. 
! Pipe material: The alloying element in 
the pipes and tubes used in the evaporator 
has great impact on the FAC.  Generally 
Chromium, Molybdenum and Copper 
contents are considered.  A correlation used 
for gauging the influence of these alloying 
elements is defined as : 
 
Resistance to FAC = 
1.0 / { 0.61 + 2.43*Cr% + 1.64 * Cu% +   
0.3 * Mo%} 
As is shown in figure 1, a small amount of 
Chromium can greatly increase the 
corrosion resistance.  However since only 
carbon steel is used in LP evaporators 
because of cost pressures, the effect of 
alloying elements is not considered for the 
model.  Most of the manufacturers do use 
low chrome steel for riser pipes, which are 

















Material / Comparative Metal Loss Page :
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What is available 
There is considerable amount of work done 
since the phenomena were identified.  All 
this work is published in a report jointly 
produced by EPRI and EDF (1).  The report 
gives recommendations to calculate the 
metal loss due to FAC.  The main 
correlations listed are: 
! Berg Model 
! MIT Model 
! Sanchez Caldera Model 
! CEGB (Central Electricity Generating 
Board of UK) Model 
! EDF Recommended Method. 
 
All of these models present a complex 
methodology involving chemical equilibrium 
constants and mass transfer correlation. These 
models have been utilized in developing various 
computer programs which calculate the possible 
FAC rate.  These programs are designed to be 
updated by empirical data gathered by 
monitoring the metal loss. Some of these 
programs are  
! BRT-CICERO (EDF, France) 
! WATHEC (Siemens / KWU Germany)  
! DASY (Siemens / KWU Germany) 
! CHECWORKS (EPRI, USA) 
The implementation of the programs to 
monitor the FAC and to take appropriate 
action when necessary requires considerable 
amount of effort and expenditure.  This may 
be justified for critical installations such as 
nuclear plants and big fossil fired boiler.  
But for HRSGs simpler methods which do 
not consider all the  influencing variables 
and mitigating circumstances may be 
sufficient.  Such a method  is described in 
the following paragraphs. 
 
Proposed Method for HRSGs  
In an HRSG, FAC occurs almost exclusively 
in LP evaporators.  There are some incidents 
of FAC in medium pressure evaporators but 
these are very rare and generally are a 
consequence of wrong operating procedures, 
uncontrolled water chemistry and operating 
the evaporator at lower pressures.  3 
Copyright © 2002 by ASME 
: http://www.asme.org/about-asme/terms-of-use
 
Downloaded From: httFAC can be avoided completely, at least 
during the useful life of the component by 
using alloy steel. However it may not be 
cost effective to do so.  The general practice 
is to use 1 ¼% Chrome, ½ % Molly alloy 
steel for risers and carbon steel for the rest 
of the evaporator  tubes, feeders, 
downcomers and drums, of the evaporator.  
Thus it becomes necessary to have a means 
to estimate the metal loss due to FAC for 
these carbon steel components. 
The effect of individual parameters was first 
presented in a paper published in Germany 
is 1982 [2].  These are explained below. 
 
pH : FAC is not very much influenced by 
pH if the value is between    9.6 to 10.0.  
Between 9.0 to 9.5 the FAC rate change is 
almost 3 orders of magnitude. Figure (2) 
shows the rates of metal loss for various pH 
values.  The general boiler water pH is 
around 9.6. However the pH in an LP 
evaporator of an HRSG  has to be kept low 
if it supplies the water to other pressure 
levels.  Thus pH plays a critical role in FAC 
metal loss.  
 
Fig.2 : Corrosion Rate Vs Velocity and pH 
 
Velocity: The mixture velocity is one of the most 
influential variable in FAC metal loss.  Generally 
the velocity effect is exponential as shown in 
figure (3).  It is very difficult to design with 
controlled velocities in an LP evaporator 
components because the hydrodynamic profile 
needs to be maintained for proper circulation. So 
it becomes imperative that the carbon steel 
components in the LP evaporator are monitored 
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Temperature / Pressure 
FAC is present in water and water steam 
systems from 212 F to 536 F (100-280C) 
with peak at 300 F ( 150C).  Since the LP 
evaporators work around saturation, the 
temperatures can be represented by the 
corresponding saturated pressures. The 
above range can be converted to an 
operating pressure of 15 psia (1 bara) to 930 
psia ( 64 bara) with peak at 70 psia (5 bara)  
  
 
Fig. 4 : The Effect of Operating Pressure on 
FAC 
 
Proposed Correlation:  
The effects of the three major factors, pH, 
Velocity and Pressure, are combined into a 
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ζ      = The rate of Metal loss in .10e-6 
inches per hour 
pH   =  pH of Water 
fv      = Velocity Effect factor due pH 
fp     = Pressure Effect factor due to pH 
fpp    = Pressure effect factor 
fpv   = Pressure / velocity Effect factor 
P     = Operating Pressure in psia 
V     = Mixture Velocity in ft/ sec 
and 
 
ai values for gi  (i = 0 to 5) 
 1 2 3 4 
a0 5.8E-06 0.0003 0.008 0.03557 
a1 7.5E-06 0.00031 0.013 0.04026 
a2 7.4E-06 0.00033 0.01124 0.03481 
a3 0.000029 0.00123 0.04215 0.13058 
a4 0.000049 0.00203 0.06937 0.21489 
a5 2.86E-05 0.0012 0.04071 0.1261 
     
 
This equation can be very conveniently 
computerized with ties to the operating 
variables.  An integrating or totaling 
subroutine in the program then can monitor 
the metal loss of the critical component and 
issue a caution or warning when the set 
values are exceeded. But before doing this 
the program need to be validated with good 
empirical data.  
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and present Equation. 
 
Fig.5 above shows the comparison of the 
earlier data with the present comprehensive 
model.  This data is taken for a pH of 9.0 
and earlier reported (3) curves are plotted 
against the values calculated by the 
proposed equation for two different 
velocities.  25 fps a and 58 fps a show the 
data from the literature and 25 fps c and 58 
fps c show the corresponding calculated 
values.  As is seen in the graph, the 
correlation is very good for pressures below 
250 psia.  Accurate predictability at higher 
pressures  may not be important since most 
of the LP evaporators in HRSGs operate at 
100 psig or below. 
 
FAC Monitoring Program: 
In a power plant the HRSG goes through 
many transients and operating conditions.  
During these periods there will be 
considerable change in the operating 
variables.  So even if the model is exactly 
right, determining the exact operating 
conditions itself will be very difficult.  Since 
the models themselves are not very exact 
either, it becomes imperative that a good 
monitoring system is put in place to avoid 
any surprises orcostly repairs due to 
catastrophic failures.  
A typical program may include the 
following: 
! Establish all the possible operating 
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components.  Generally these are the riser 
pipes and upper parts of the transfer tubes 
of LP evaporators. 
! Calculate the probable metal loss for 
the life of the component and provide for it 
in the design. 
! Develop a computer program to 
calculate the metal loss based on the actual   
operating data.  If need arises special 
instruments may be installed in the critical 
areas.    
! Install thickness monitoring or 
checking program for the critical parts.  
Generally the thicknesses of the critical 
parts are checked by UT methodology 
while the unit is down.  On line monitoring 
devices are also available but these may not 
prove very cost effective. 
! Compare the predicted metal loss with 
the actual metal loss and adjust the 
calculation program. 
! Set a maximum metal loss value above 
which the component has a tendency to fail 
with in a certain period.  Generally 2-3 
month lead time is expected before a 
normal shutdown occurs.  The warning 
should occur at such a time that the 
component can last at least until the next 
shut down.  The plant operating and 
maintenance routines need to be taken into 
consideration for this. 
! Replace the components when plant is 
under normal shut down.  This requires that 




Most of the above methodology can give a 
very good estimate of the FAC loss.  Based 
on this the plant owners can go in various 
directions as given below: 
• Make a comprehensive analysis using 
more rigorous equations.  These include 
the recommendations given in EPRI 
report, OEM supplied methodology if 
they have etc. 
• Institute a periodic monitoring program 
to check the metal loss in critical 
components and to update the model. Page :
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Prediction of metal loss due to FAC is very 
difficult.  This is due not only  to the  
multiplicity of the influencing variables, but 
also because of the variations in the plant 
operating conditions and design differences.  
For example a plant may be operating a low 
pressure evaporator  to produce the steam 
for auxiliary use rather than heating the 
water for the higher pressure systems.  In the 
latter case the water chemistry can not be the 
same as that used for the former case.  So 
even if both the LP evaporators operate at 
the same pressure, the water chemistry may 
induce FAC in the second unit.  Similarly  
condenser metal may preclude the 
possibility of certain water treatment and 
impact on  the FAC influence.   
In addition the phenomena itself is very 
complex and minute changes in the ion 
equilibrium may create drastic effects.  So it 
becomes imperative that any model chosen 
be validated with the empirical data from the 
specific plant for which it is used.  Another 
factor which influences the choice is the 
criticality of component and the cost 
effectiveness of the model.  For HRSGs the 
component which is affected by FAC may 
be LP evaporator only.  This component, 
though an integral and important part of the 
system, may not be critical from 
performance point of view.  Therefore a less 
precise model such as the one proposed in 
this paper along with empirical data 
validation may prove to be more cost 
effective than very precise and complicated 
models.  It will be the user's choice to 
balance the criticality of the component and 
its impact on the operation with cost and 
effort needed for employing the more 
precise models.   
No matter whichever model is used or which 
procedure is adopted it should be noted that 
FAC and consequent metal loss are not 
exact sciences and can not be predicted very 
accurately.  A predictive model is good only 
when supported by a good empirical data 
monitoring program.  6 
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